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Surface sediments collected along the entire continental shelf of China, including Yellow Sea, the East
China Sea (ECS) inner shelf and the South China Sea (SCS), were analyzed for linear alkylbenzenes (LABs),
from which regional anthropogenic inﬂuences on the marine environment were assessed. The occurrence
of LABs (5.6–77 ng/g; mean: 25 ng/g; median: 20 ng/g) implied light sewage contamination in coast sed-
iment off China. Speciﬁcally, the SCS had higher sedimentary LAB levels than Yellow Sea and the ECS
inner shelf, which was mainly related to the intensity of domestic wastewater discharge and marine ﬁsh-
ing activities. Values of L/S and C13/C12 (deﬁned in the main text) suggested certain degradation while I/E
indicated limited degradation of LABs. Also, additional input sources and congener inter-conversions may
have contributed to the inconsistent results for degradation of LABs in offshore sediments. Atmospheric
inputs and wastewater discharge from marine ﬁshing vessels predominantly contributed to sedimentary
LABs in Yellow Sea and the SCS, while riverine input was mainly responsible for LABs along the ECS inner
shelf.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Coastal marine systems are an important habitat of organisms,
but are vulnerable to disturbance from increasingly intensiﬁed
anthropogenic activities. It was hypothesized that terrestrially
anthropogenic materials can be transported to the marine environ-
ment via ﬂuvial runoff and atmospheric ﬂows, deposited into sed-
iments and redistributed by ocean currents (Hu, 1984; Wu et al.,
2001). As a result, investigations into sedimentary records may
be able to reveal input histories of terrestrially derived materials,
which in turn would allow an objective assessment of the anthro-
pogenically initiated impacts on coastal marine systems.
One of the widely accepted approaches to trace input sources is
the use of molecular markers. Linear alkylbenzenes (LABs) have
been utilized as markers of domestic waste, as they are raw mate-
rials in manufacture of linear alkylbenzene sulfonates, a widely
used anionic surfactant (Eganhouse et al., 1983), and may be dis-
posed to the environment as residues (1–3%) of commercial deter-
gents (Eganhouse et al., 1983; Chalaux et al., 1995; Zeng et al.,
1997). In fact, LABs have been ubiquitously detected in various
environmental matrices, such as sediment (Eganhouse et al.,
1983; Ishiwatari et al., 1983; Zhang et al., 2012; Liu et al.,
2013a), municipal wastewater efﬂuent (Eganhouse et al., 1983;Peterman and Delﬁno, 1990), river runoff (Takada and Ishiwatari,
1987; Ni et al., 2008), and biota (Murray et al., 1991; Phillips
et al., 2001; Tsutsumi et al., 2002). Besides, LABs were suggested
to be toxic (Gledhill et al., 1991; Johnson et al., 2007), where the
acute toxicity of LABs to Caenorhabditis elegans in soil was reported
as a lethal concentration of 1550 ng/g to cause 1% fatality in 24 h,
with the 95% conﬁdence limits in the range of 80–3360 ng/g (John-
son et al., 2007). Because of these attributes, LABs are good indica-
tors of human activities uniquely associated with sewage
contamination in different regions around the world (Eganhouse
et al., 1983; Takada et al., 1992; Isobe et al., 2004; Medeiros and
Bícego, 2004; Luo et al., 2008; Martins et al., 2008; Ni et al.,
2009; Venkatesan et al., 2010; Martins et al., 2012; Rinawati
et al., 2012).
China has a long coastline comprising Bohai Sea, Yellow Sea, the
East China Sea (ECS) and the South China Sea (SCS), as well as
abundant water systems, including Yellow River, Yangtze River,
Min River and Pearl River from north to south (Fig. S1 of the
Supplementary Data; ‘‘S’’ represents ﬁgures and tables in the
Supplementary Data thereafter). Due to rapid industrialization
and urbanization, the coastal marine environments off China are
subject to increased anthropogenic impacts (Huang et al., 2003;
Cao and Wong, 2007; Hu et al., 2008; Luo et al., 2008; Ni et al.,
2008). Previous studies on the occurrence of sediment n-alkanes
(Liu et al., 2012a, 2013b) and polycyclic aromatic hydrocarbons
(PAHs) (Liu et al., 2012b) indicated slight anthropogenic impacts
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sources were believed to contribute considerably to organic mate-
rials in the SCS, whereas long-range atmospheric transport was
considered as an important input mode for terrestrial materials
accumulated in Yellow Sea and the SCS (Liu et al., 2012a,b). How-
ever, both n-alkanes and PAHs are not exclusively derived from
anthropogenic sources (Blumer et al., 1971; Youngblood and
Blumer, 1973; Gagosian et al., 1981; Mai et al., 2003). Additional
evidence about anthropogenic impacts on the coastal marine
environment off China can be obtained with LABs, due to their
exclusive association with human activities. While numerous ef-
forts have been directed towards the characterization of LABs in
nearshore coastal regions of China, such as the Pearl River Estuary
(PRE), the northern SCS, and the coastal zones of Guangdong Prov-
ince (Luo et al., 2008; Ni et al., 2008; Zhang et al., 2012; Liu et al.,
2013a), no large-scale investigation has been conducted.
The present study was conducted to ﬁll the above-mentioned
knowledge gap by examining the occurrence and spatial variation
of sedimentary LABs along the entire continental shelf of China,
aiming to explore the spatial pattern of regional anthropogenic
inﬂuences and controlling factors from a different angle, and to
elucidate the state of sewage pollution in the coastal environment
of China compared with other shelf regions worldwide. The pres-
ent study also attempted to evaluate the utility of three molecular
indices and assess the potential transport mechanisms for sedi-
mentary LABs in offshore regions.2. Materials and methods
2.1. Materials
Homologues of LABs are expressed as i-Cn, where i indicates the
position of the phenyl group and n represents the number of car-
bon atoms on the alkyl chain. Due to the difﬁculty in obtaining
commercial standards of LAB isomers except for 1-Cn, individual
LAB standards of 1-Cn (n = 10–14) were purchased from Sigma Al-
drich (St. Louis, MO, USA) and used as primary calibration stan-
dards. A mixture of LAB homologues of i-C10, i-C11, i-C12, and i-
C13 except for 1-Cn (n = 10–13) was purchased from Procter and
Gamble (Guangzhou, China) and used as a secondary calibration
standard. Both the surrogate (1-phenyldodecane-d30) and internal
(1-phenylpentadecane-d36) standards were acquired from C/D/N
Isotopes (Pointe-Claire, Quebec, Canada). The secondary standard
was quantiﬁed with the primary standards following a method de-
scribed previously (Ni et al., 2008). Brieﬂy, the secondary stan-
dards, including C10-LABs, C11-LABs, C12-LABs, and C13-LABs, were
quantiﬁed with the calibration curves of 1-C10, 1-C11, 1-C12, and
1-C13, respectively, assuming that the relative response factors of
all LABs in an isomeric group were identical.2.2. Samples collection and extraction
Sampling was conducted on two cruises R/V KEXUE I and R/V
SHIYAN III in August and September 2007 along the continental
shelf of China. Thirty-two surface sediments were collected with
a stainless steel grab from three marginal seas: (a) Yellow Sea (sites
1–8); (b) the ECS inner shelf (sites 9–13); and (c) the SCS (sites 14–
32). The samples within the SCS were further grouped as follows:
Southwest Taiwan (sites 14–18), the coastal region adjacent to
the PRE (sites 19–24), Southeast Hainan (sites 25–31), and North-
west Philippines (site 32; Fig. S1). Sediments were transported
with ice, and frozen at 20 C in the laboratory before analysis.
Sample extraction and fractionation procedures used in the cur-
rent study were detailed previously (Zeng et al., 1997). Brieﬂy, each
freeze-dried sample (20 g) was spiked with the surrogatestandard, and Soxhlet-extracted with 200 mL of dichloromethane
and acetone (1:1 in volume) mixture for 48 h. The extract was con-
centrated, solvent-exchanged to hexane, and puriﬁed on a glass
column ﬁlled with alumina/silica gel (1:2 in volume). The LABs
fraction was collected with elution of 30 mL of hexane, concen-
trated to 0.5 mL under gentle nitrogen ﬂow, and spiked with the
internal standard before instrumental analysis.
2.3. Instrumental analysis
Concentrations of LABs were quantiﬁed with a Shimadzu GC/
MS-QP2010 in the electron impact and selective ion monitoring
modes. Target analytes were chromatographically separated by a
60 m  0.25 mm  0.25 lm DB-5MS column (J&W Scientiﬁc, Fol-
som, CA, USA). Column temperature was initially set at 80 C,
ramped to 290 C at a rate of 5 C/min and held for 30 min. Tem-
peratures of injection, ion source and interface were set at 280,
250 and 250 C, respectively. Identiﬁcation and quantiﬁcation of
LABs were accomplished by monitoring characteristic ions at m/z
91 and 105 for C10C13-LABs except for 1-Cn, m/z 100 for the sur-
rogate and internal standards, and m/z 92 for 1-Cn-LABs (Ni et al.,
2008).
2.4. Total organic carbon measurement
Measurements of total organic carbon (TOC; Table S1) were
conducted with a Vario EL III elemental analyzer (Germany) after
treatment with 10% hydrochloric acid to remove inorganic carbon
(Mai et al., 2003).
2.5. Quality assurance and quality control
For every 15 ﬁeld samples, a procedural blank, a spiked blank
and a matrix spiked sample were also analyzed. The primary cal-
ibration standards were used in blank and matrix spiked sam-
ples. The recoveries of the surrogate standard were 81 ± 6.6%
and 84 ± 15% for ﬁeld samples and QA/QC samples, respectively.
And the recoveries of LABs in spiked blank and matrix spiked
samples were 82 ± 18% and 86 ± 12%, respectively. The average
blank concentrations of LABs were lower than the lowest calibra-
tion levels (in a range of 1.32–11.7 ng/mL) in the calibration
curve, thus these levels normalized to an average sample weight
of 18.7 g and divided by a ﬁnal extract volume of 0.5 mL were
deﬁned as the reporting limits (RL; 0.035–0.31 ng/g). The re-
ported LAB concentrations for sediments were neither blank
nor surrogate recovery corrected. For any concentration below
the RL, a zero value and half of the RL were used instead in
the concentration calculation and compositional analysis,
respectively.
Blank samples were combusted to achieve a zero background
value before TOC measurements. Triplicate standards (acetanilide)
were processed for every 20 ﬁeld samples, where the relative stan-
dard deviation of C values from the certiﬁed value (71.09%) aver-
aged at 0.3%. The relative differences for triplicate determinations
of the ﬁeld samples varied in the range of 0.09–7.3 with a mean
of 1.9%.
2.6. Data analysis
The sum of 19 components (C10C13-LABs except 1-Cn) was de-
ﬁned as RLAB, while the sums of i-C10, i-C11, i-C12 and i-C13 were
designated as RC10-LAB, RC11-LAB, RC12-LAB and RC13-LAB,
respectively. In the present study, the following indices were uti-
lized to assess the magnitude of degradation for LABs (Eganhouse
et al., 1983; Gustafsson et al., 2001; Isobe et al., 2004; Luo et al.,
2008; Zhang et al., 2012):
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L=S ¼ ð5 C12 þ 5 C13Þ=ð5 C11 þ 5 C10Þ ð2Þ
C13=C12 ¼ RC13  LAB=RC12  LAB ð3Þ
Due to the selective biodegradation of external isomers (Takada and
Ishiwatari, 1990) and short-chain homologues relative to the inter-
nal and long-chain ones (Gustafsson et al., 2001), the extent of deg-
radation of LABs can be determined by the difference in the values
of the indices between environmental samples and commercial
detergents. The nonparametric Kruskal–Wallis H test was used to
determine signiﬁcant differences among data sets. The correlations
of RLAB with TOC, n-alkanes, and RPAH were tested by Pearson
Correlation. All statistical analysis was performed with SPSS 13.0
(Chicago, IL, USA).
3. Results and discussion
3.1. Occurrence and spatial distribution
The concentrations of RLAB ranged in 5.6–77 ng/g with mean
and median values of 25 and 20 ng/g, respectively (Table S1). Spa-
tially, the concentrations (range; mean) of sediment RLAB in Yel-
low Sea (7.3–28; 13 ng/g) were signiﬁcantly (p < 0.05) lower than
those in the ECS inner shelf (12–35; 24 ng/g) and the SCS (5.6–
77; 29 ng/g), suggesting lighter sewage pollution in Yellow Sea
than in the ECS inner shelf and the SCS (Fig. 1).
A comparison of available sedimentary LABs data worldwide
(Table 1) indicated that RLAB concentrations in continental shelf
sediments off China were at the low end of the global range. For
example, RLAB concentrations in the present study were compara-
ble to those in sediments from Xijiang River, the PRE and theHa
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Table 1
Concentrations of total linear alkylbenzenes (RLAB; ng/g dry weight) and values of I/E, L/S, and C13/C12 in various environmental matrices, including sewage sludge, suspended
particles in river water, river sediments and marine sediments around the world.
Sampling area Sampling time Sample number RLAB I/E L/S C13/C12 Reference
Sewage sludge
The municipalities in New York 1989 2 90,000–213,000 1.5–2.0 Takada et al. (1994)
The municipalities in Guangzhou 2002 3 16,000–18,900 4.6–18 3.3–3.5 0.8–0.9 Luo et al. (2008)
Suspended river particles
the Pearl River Delta 2005–2006 96 40–11,200 0.4–1.7 0.8–5.8 1.8–17 Ni et al. (2008)
Sumidagawa River 1982–1983 2 23,300–31,300 1.1–1.6 Takada and Ishiwatari (1987)
Tamagawa River 1982–1983 3 4200–25,600 1.5–2.7 Takada and Ishiwatari (1987)
Sediment
Coastal shelf of China 2007 32 5.6–77 0.5–1.2 0.8–3.8 0.7–2.4 Present study
Dongjiang River 2009 45 1.5–410 0.6–1.4 1.0–4.1 0.6–1.8 Zhang et al. (2012)
Outfalls of paper mills 2009 3 1160–3270 0.8–1.3 1.8–2.5 0.8–1.1 Zhang et al. (2012)
Chaohu Lake 2009 61 19–5720 0.8–2.1 1.3–3.4 0.7–1.4 Wang et al., 2012)
Coastal zone off South China 2006–2007 30 11–160 0.5–1.2 1.2–4.6 0.7–4.0 Liu et al. (2013a)
Pearl River Estuary 2002 8 5.8–26 0.6–1.5 1.2–1.9 1.2–1.4 Luo et al. (2008)
Northern South China Sea 2002 28 2.5–23 0.2–0.9 1.4–3.7 1.0–1.9 Luo et al. (2008)
Zhujiang River 2002 10 59–2330 0.9–1.5 1.2–1.9 0.7–1.4 Luo et al. (2008)
Dongjiang River 2002 11 97–566 0.7–1.9 1.1–2.6 0.9–1.6 Luo et al. (2008)
Xijiang River 2002 8 21–69 0.6–1.0 1.2–2.0 1.0–1.4 Luo et al. (2008)
Sumidagawa River 1982–1983 6 560–12,110 1.1–1.7 Takada and Ishiwatari (1987)
Tamagawa River 1982–1983 8 10–15,790 1.3–1.9 Takada and Ishiwatari (1987)
Arakawa River 1983–1984 6 720–1720 1.7–2.0 Takada et al. (1992)
Victoria Harbor 1992 12 410–23,500 1.8–2.6 Hong et al. (1995)
Santos Bay and Estuary 1999 15 16.9–431 Medeiros and Bícego (2004)
Santos Bay 2005 14 <DL-117 1.1–2.9 Martins et al. (2008)
Barcelona Harbor 2002 12 1200–53,100 0.6–5.5 Díez et al. (2006)
Jakarta Bay 2007 7 235–86,700 0.9–2.9 Rinawati et al. (2012)
Admiralty Bay 2009–2010 4 <DL–46.5 0.8–0.9 Martins et al. (2012)
Santa Monica Bay 1997–1999 30 3–9342 (Venkatesan et al. (2010)
Tokyo 1998–2003 19 3.0–5860 1.2–6.0 Isobe et al. (2004)
Thailand 1998–2003 36 3.0–14,100 0.7–5.9 Isobe et al. (2004)
Malaysia 1998–2003 13 4.0–8590 0.7–4.8 Isobe et al. (2004)
Philippines 1998–2003 15 56–13,000 0.6–2.9 Isobe et al. (2004)
Vietnam 1998–2003 35 3.0–8650 0.6–2.2 Isobe et al. (2004)
Cambodia 1998–2003 11 <3.0–4200 0.8–1.7 Isobe et al. (2004)
Indonesia 1998–2003 20 <3.0–42,600 0.9–2.1 Isobe et al. (2004)
India 1998–2003 12 2.0–4450 0.5–2.1 Isobe et al. (2004)
Southern California Bight 1998 67 1.7–93 0–4.6 Macías-Zamora and Ramírez-Alvarez (2004)
Tokyo Bay 1984–1985 24 1000–3000 1.3–3.1 Takada et al. (1992)
I/E: (6-C12 + 5-C12)/(4-C12 + 3-C12 + 2-C12); L/S: (5-C13 + 5-C12)/(5-C11 + 5-C10); C13/C12: (6-C12 + 5-C12 + 4-C12 + 3-C12 + 2-C12)/(6-C13 + 5-C13 + 4-C13 + 3-C13 + 2-C13); DL:
detection limit.
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gesting limited degradation of LABs during transport or impacts
of poorly treated wastewater in the sampling region. On the other
hand, higher L/S (0.8–3.8; 2.1) and C13/C12 (0.7–2.4; 1.5) values in
shelf sediments than those in detergents (mean: 1.8 and 0.8,
respectively) (Ni et al., 2008) (Fig. 2) pointed to notable degrada-
tion of LABs. In contrast to the predominance of C12-LABs
(36 ± 5.1%) in detergents (Ni et al., 2008), the shelf sediments were
dominated by C13-LABs (44 ± 8.8%), followed by C12-LABs
(30 ± 2.9%), C11-LABs (21 ± 5.6%), and C10-LABs (5.6 ± 2.1%)
(Fig. 3), indicating moderate degradation of LABs. Compared with
nearshore sediments from the PRE and the adjacent SCS (Luo
et al., 2008), higher relative abundances of C13-LABs in continental
shelf sediments (Fig. 3) possibly pointed to a greater extent of deg-
radation because of further distances from inland sources. How-
ever, similar mean values of L/S, C13/C12 and I/E in shelf
sediments (2.1, 1.5 and 0.8, respectively) and in coastal sediments
(2.5, 1.7 and 0.9, respectively) (Liu et al., 2013a) (Figs. 2 and 3) im-
plied essentially no biotransformation of LABs.
Apparently, the conclusions derived from the molecular indices
seemed difﬁcult to comprehend for shelf sediments. Likewise, the
inconsistency between I/E and L/S (and C13/C12) was previously no-
ticed in sediments from oceanic regions off Boston Harbor
(Gustafsson et al., 2001), the PRD and the adjacent SCS (Luo
et al., 2008), and the coastal areas of Guangdong Province (Liu
et al., 2013a). The results may point to the likelihood for additionalsources of LABs around the study region (Gustafsson et al., 2001;
Luo et al., 2008), which will be discussed in the subsequent section.
Besides, the occurrence of speciﬁc LAB congener inter-conversions
involving phenyl group migration or enrichment of internal iso-
mers (Gustafsson et al., 2001; Luo et al., 2008) may have accounted
for the unexpected decrease of I/E values. Lower values of these
three indicators and the abundance of C13-LABs in shelf sediments
than those in river water (Ni et al., 2008) (Figs. 2 and 3) suggested
better preservation of LABs in the sediments under anaerobic envi-
ronment. Therefore, another possible explanation for weak biodeg-
radation of LABs in shelf sediments is the existence of anaerobic
conditions, as the samples were collected from deep water depths
(42.2–2456 m; mean: 754 m; median: 406 m; Table S1). In conclu-
sion, the environmental conditions and low concentrations of LABs
may have affected the assessment of degradation, and L/S and C13/
C12 are suggested to be more sensitive indicators of degradation in
offshore sediments.
3.3. Implications of anthropogenic inﬂuences
The spatial variability of RLAB concentrations in sediments can
be resulted from both environmental parameters (e.g., TOC con-
tent) and input intensities. On one hand, RLAB levels were poorly
correlated with TOC contents (r2 = 0.056; Fig. S2), which possibly
ruled out sediment TOC as the controlling factor for the redistribu-
tion of hydrophobic organic pollutants and suggested that sources
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determined for the combined dissolved and particulate phase.
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weak correlation was also observed between RPAH and TOC,
where low levels of anthropogenically derived PAHs occurred
along the continental shelf off China (Liu et al., 2012b). However,
TOC was signiﬁcantly correlated with terrestrial n-alkanes (in Yel-
low Sea) and marine n-alkanes (in Southeast Hainan within the
SCS), respectively (Liu et al., 2012a). Collectively, these three mark-
ers suggested that anthropogenic inﬂuences were light on the con-
tinental shelf off China and TOC was an insigniﬁcant medium for
the transport of anthropogenic materials from inlands to coastal
oceans. On the other hand, extremely poor correlations were ob-
served among the concentrations of RLAB, n-alkanes (Rn-C21-35)
(Liu et al., 2012a) and anthropogenic PAHs (R18PAHs) (Liu et al.,
2012b) (r2 = 0.012–0.041; Fig. S2). This was probably because these
three markers were originated from different sources, and there-
fore the signiﬁcance of human inﬂuences assessed with a single
environmental marker should be concluded with caution.
The absence of signiﬁcant correlation between the concentra-
tions of RLAB and TOC contents probably suggested that regional
anthropogenic inputs were controlling factors for the spatialdistributions of RLAB. For example, different amounts of domestic
wastewater in North China and South China (e.g., per capital emis-
sions of 24 and 51 tons/yr in Shangdong and Guangdong, respec-
tively) may be reﬂective of different climatic patterns, life styles
and available water resources (Guan, 2002). The spatial concentra-
tion pattern of sedimentary LABs (Yellow Sea < the SCS) was oppo-
site to that of PAHs (Yellow Sea > the SCS) (Liu et al., 2012b), which
was consistent with less available water resources and larger
amounts of fossil fuel consumed in North China than in South Chi-
na. Based on the total amounts of domestic wastewater discharged
(National Bureau of Statistics of China, 2011) and the degree of
wastewater treatment (National Ministry of Housing and Urban-
Rural Development, 2012), the volumes of untreated domestic
wastewater for the coastal provinces, i.e., Shandong, Zhejiang, Fuj-
ian, Taiwan, Guangdong and Hainan (Fig. 1), were estimated to be
203, 306, 178, 688, 746 and 139 million tons/yr (Table S2 and
Fig. 4). The amounts of untreated domestic wastewater discharged
to the grouped oceanic regions (i.e., Yellow Sea, the ECS inner shelf,
Southwest Taiwan, the SCS adjacent to the PRE, and Southeast Hai-
nan) were not signiﬁcantly correlated with the concentrations of
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anisms for sedimentary LABs in the study regions.
With increasingly intensiﬁed marine ﬁshing activities in China
in recent years (Mu, 2005), direct discharge of waste from ﬁshing
vessels to the oceans, amounting to an annual emission of domes-
tic wastewater at 3.5 million tons/yr (Taizhou Marine and Fisheries
Agency, 2011), should not be neglected. Based on the total
amounts of wastewater discharge and marine catches in Yellow
Sea, the ECS and the SCS (National Bureau of Statistics of China,
2007), the amounts of domestic wastewater directly dischargedfrom marine ﬁshing vessels to the three seas were estimated at
0.89, 1.29 and 0.99 million tons/yr, respectively (Table S3). Besides,
trawl and purse-seine ﬁshing has been quite intensive around the
study region with the daily catch at the range of 0–11,667 kg/d
(Chinese Society for Environmental Sciences, 2011). Thus, it can
be reasonably concluded that direct discharge of domestic waste-
water from marine ﬁshing boats was partially responsible for the
occurrence of sedimentary LABs in the study regions, and therefore
somewhat accounted for insigniﬁcant changes of the molecular
indices discussed mentioned. In spite of the report of LABs in crude
86 G.-L. Wei et al. /Marine Pollution Bulletin 80 (2014) 80–87oil (Dutta and Harayama, 2001) and signiﬁcant accidental oil spills
(and natural oil seepage) in the marginal seas of China between
1999 and 2007 (China Electricity Council, 2010), the occurrences
of n-alkanes (Liu et al., 2012a) and PAHs (Liu et al., 2012b) both
indicated no petroleum contamination for most sediments ana-
lyzed in the present study. Hence, the contribution of crude oil
seepage to sedimentary LABs was deemed negligible.3.4. Potential input mechanisms
Hydrodynamic and atmospheric ﬂows may be the dominant in-
put pathways for LABs in sediments. It was documented that
wastewater discharge combined with ﬂuvial transport was mostly
responsible for the occurrence of LABs in marine sediments (Sherb-
lom et al., 1992; Luo et al., 2008; Ni et al., 2008, 2009). Speciﬁcally,
the annual ﬂux of LABs via riverine runoff of the PRD to the coastal
ocean was estimated at 8.7 tons/yr, greatly contributing to sedi-
mentary LABs in the PRE and the adjacent northern SCS (Ni et al.,
2008). However, ﬂuvial transport was not expected to carry signif-
icant amounts of terrestrial materials to the shelf sediments (at
least 280 km away from the coastline); a previous study (Chen
et al., 2006) estimated that as in the case of PAHs, terrestrial inputs
of PAHs via ﬂuvial transport could reach only 124–276 km (the
northern SCS) from the PRE. Furthermore, Liu et al. (2012b) con-
cluded that atmospheric transport other than ﬂuvial carriage was
the predominant pathway for anthropogenic PAHs accumulated
in Yellow Sea and the SCS. Consequently, atmospheric input was
suggested as the dominant source of terrestrially derived hydrocar-
bons at coastal areas distant from emission sites (Gogou et al.,
2000), which should also be applicable to the occurrence of LABs
in the shelf sediments. Because of the low vapor pressures of LABs
(0.015–0.418 Pa) (Sherblom et al., 1992) and no report of the
occurrence of LABs in the atmosphere, volatilization and subse-
quent atmospheric deposition of LABs have often been overlooked
(Gustafsson et al., 2001). However, our previous study concluded
that atmospheric transport was a signiﬁcant mode for dissipating
LABs from the central PRD to remote areas (Wei et al., unpublished
data). Therefore, terrestrial LAB residues may be volatilized into
the air, transported and subsequently settled in coastal regions dis-
tant from inland sources.
In the present study, the SCS sediments were taken from the re-
gions at least 280 km away from the coastline of China (Fig. 1),
where hydrodynamic ﬂows were anticipated to be insigniﬁcant
in delivering terrestrial anthropogenic materials. Due to the change
of the Yellow River course to Bohai Sea in 1855 (Fig. S1) (Milliman
et al., 1985; Guo et al., 2001), riverine inputs of terrestrial materials
from the Old Yellow River Delta to the mud area in central Yellow
Sea were also deemed insigniﬁcant, which may be the reason for
low RLAB levels at sites 4–8 (Fig. 1). As discussed earlier, there
have been intensive ﬁshing activities around the sampling sites,
and the amounts of domestic wastewater directly emitted from
ﬁshing boats in the SCS (0.99 million tons/yr) and the Yellow Sea
(0.89 million tons/yr) were comparable (National Bureau of
Statistics of China, 2007; Taizhou Marine and Fisheries Agency,
2011). Therefore, higher levels of RLAB in the SCS than the Yellow
Sea can be explained by (1) larger amounts of atmospheric LABs
inputting to South China due to the greater consumption of alkyl-
benzene sulfonates-type detergents in South China and (2) better
preservation of LABs in the SCS due to its deeper water depths
(65–2456 m; mean: 1226 m; median: 1302 m) than those in the
Yellow Sea (53.8–80.4 m; mean: 69.3 m; median: 71 m) (Table
S1). Consequently, sedimentary LABs in the SCS and the Yellow
Sea can be hypothesized to stem mainly from atmospheric trans-
port of terrestrial LABs and direct discharge of wastewater from
marine ﬁshing vessels.Along the ECS inner shelf, a generally southward decreasing
trend of RLAB levels (Fig. 1) and sedimentation rate (Hsu and Turk,
1999; Liu et al., 2012a) suggested that terrestrial materials may be
mainly delivered via southwardly hydrodynamic ﬂows (Fig. S1).
Lower level at site 9 was ascribed to the obstruction of eastward
hydrodynamic carriage by southward coastal currents (Fig. S1)
(Hsu and Turk, 1999) and less intensive marine ﬁshing at site 9
than at sites 10–13 (Chinese Society for Environmental Sciences,
2011). On the other hand, higher level at site 12 than at site 11
may be a consequence of wastewater discharge from Min River
(National Bureau of Statistics of China, 2011). Fluvial transport as
a major mechanism for the occurrence of terrestrial LABs in the
ECS inner shelf sediment was also consistent with a previously
reached conclusion for anthropogenic PAHs (Liu et al., 2012b).
4. Conclusions
The occurrence of sedimentary LABs implied that the entire
continental shelf off China was subject to light sewage pollution
(and thus modest anthropogenic inﬂuences). The spatial variations
of sediment LAB levels were closely associated with the regional
patterns of domestic wastewater discharge and marine ﬁshing
activities. Atmospheric inputs and direct discharge of wastewater
frommarine ﬁshing vessels were the main routes for accumulation
of LABs in Yellow Sea and the SCS, whereas ﬂuvial transport was
the predominant input mechanism for LABs deposited in the ECS
inner shelf. Consistent and complementary conclusions deduced
from the occurrences of LABs, PAHs and n-alkanes have validated
the signiﬁcance of multiple environmental markers in tracking
anthropogenic impacts on a large spatial scale. The present study
presents a preliminary assessment of sewage pollution, with LAB
levels at the low end of the global range, in the offshore regions
of China, which will be helpful for evaluating the effectiveness of
environmental laws and regulations in China.
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